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Abstract
We propose a model of dark sector described by gauged hidden U(1)H symmetry in which neu-
trino masses are generated at one-loop level and axion is induced by assigning Peccei-Quinn charge
to fermions in dark sector relevantly. Then our scenario connects exotic fermion mass generation,
neutrino mass matrix and axion through scalar fields associated with U(1)H and Peccei-Quinn
symmetry breaking. We investigate neutrino mass formula, lepton flavor violation, anomalous
magnetic moment of muon, dark matter relic density and axion couplings, which are originated
from interactions among our dark sector and the standard model particles.
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I. INTRODUCTION
There are several issues which are unsolved within the standard model (SM) of particle
physics such as an existence of dark matter (DM), non-zero neutrino masses and mixings and
the strong CP problem. We thus expect such issues are explained by the physics beyond the
SM whose description is an open question. One of the plausible scenario is that new physics
sector is described by hidden gauge symmetry under which only new fields are charged as
the SM part is also described by gauge symmetry; here we denote such new physics sector
as dark sector controlled by hidden gauge symmetry. Interestingly, by applying such hidden
gauge symmetry, we can stabilize DM candidate and forbid neutrino mass generation at
tree level to explain smallness of its value [1–14]. Then neutrino mass can be generated
at loop level by introducing appropriate interactions among dark sector fields and leptons.
In addition, fermions in dark sector can be chiral under gauge symmetry obtaining their
mass after spontaneous symmetry breaking, and it is possible to assign Peccei-Quinn (PQ)
charges [15, 16] consistently inducing axion [17, 18] to explain the strong CP problem.
In this paper, we construct a model of dark sector described by hidden U(1)H gauge
symmetry. In this model new fermions are chiral under U(1)H and PQ charges are assigned
consistently; gauge anomaly cancellation condition requires exotic leptons and quarks. We
also introduce several scalar fields in dark sector to realize neutrino mass generation at one-
loop level and to give DM candidate stabilized by remnant Z2 symmetry originated from
U(1)H . Remarkably our scenario connects exotic fermion masses, neutrino mass matrix and
axion, by scalar fields associated with U(1)H and PQ symmetry breaking
1. Note also that
our model provides multi-component DM scenario since both the lightest Z2 odd particle
and axion can be good DM candidates. In addition, interactions among dark sector particles
and the SM leptons induce lepton flavor violating(LFV) processes and contribution to muon
anomalous magnetic moment (muon g − 2).
After constructing framework of the model, we analyze neutrino mass matrix induced
by one-loop diagram, LFV processes, muon g − 2, relic density of DM and axion couplings.
Then consistency of the model is discussed by considering constraints from observed data.
We then provide benchmark point in the model.
1 Models relating axion and radiative neutrino mass generation are discussed, for examples, in refs. [19–21]
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Fermions Bosons
Fermions EαL/R N
α
L/R U
α
L/R D
α
L/R Φ X η ϕ
SU(3)C 1 1 3 3 1 1 1 1
SU(2)L 1 1 1 1 1 1 2 1
U(1)Y −1 0 23 −13 0 0 12 0
U(1)H 1/3 −1/− 3 −1/− 3 1/3 2 1 −3 −2
U(1)PQ −1/− 3 1/3 1/− 1 −1/− 3 2 −1 3 2
TABLE I: Field contents of fermions and their charge assignments under SU(3)C × SU(2)L ×
U(1)Y × U(1)H × U(1)PQ, where each of the flavor index is defined as α ≡ 1− 3.
This paper is organized as follows. In Sec. II, we show our model, and show mass formula
for particles in dark sector. In Sec. III we consider phenomenology from dark sector deriving
the analytical forms of neutrino mass matrix, LFVs, muon anomalous magnetic moment and
relic density of DM, and axion couplings. We then conclude and discuss in Sec. IV.
II. MODEL CONSTRUCTION
In this section, we construct our model of dark sector with U(1)H gauge symmetry and
show mass spectrum. As for fermion sector, we introduce three families of isospin singlet ex-
otic leptons and quarks; E, N , U , D, which have nonzero charges under hidden local U(1)H
symmetry, where the SM fields are all neutral under this additional symmetry. Note that
exotic fermions are chiral under U(1)H charge assignment and massless before spontaneous
symmetry breaking. In addition, we assign Peccei-Quinn(PQ) charge to these fermions. As
for scalar sector, we introduce inert scalar fields X and η , each of which are singlet and
doublet under SU(2)L, while Φ and ϕ have nonzero vacuum expectation values (VEVs),
both of which are singlet under SU(2)L and their VEVs are denoted by vΦ/
√
2 and vϕ/
√
2,
respectively. Here, the SM Higgs is defined by H and its VEV is characterized by vH/
√
2.
All the new field contents and their assignments are represented in Table I. Then anomaly
cancellations of U(1)H are found by computing the following four relations for each genera-
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tion:
[U(1)Y ]
2U(1)H , [U(1)H ]
2U(1)Y , [U(1)H ]
3, U(1)H .
The renormalizable new terms in Yukawa Lagrangians are found to be
−L = yEααE¯αLEαRϕ+ yNααN¯αLNαRϕ∗ + yUααU¯αLUαRΦ + yDααD¯αLDαRϕ+ y′NαβN¯ c,αL NβLϕ∗
+ yEeαi E¯
α
Le
i
RX + y
Uu
αi U¯
α
Lu
i
RX
∗ + yiαη L¯
i
Lη˜N
α
R + y
Dd
αi D¯
i
LdRaX + h.c., (II.1)
where η˜ ≡ σ2η∗, σ2 being second Pauli matrix, i = 1 − 3 and (α, β) = 1 − 3 are indices
of flavors of SM and exotic fermions, respectively. Notice here that the first four terms are
diagonal without loss of generality. The terms in first line of the right-hand side will provide
exotic fermion mass terms after the spontaneous symmetry breaking as we will see below.
Scalar potential in our model is given by
V = µ2ϕ|ϕ|2 + µ2Φ|Φ|2 + µ2X |X|2 + µ2H |H|2 + µ2η|η|2 + µ0
[
X2ϕ+ h.c.
]
+ λ0[η
†HX∗Φ + h.c.]
+ λϕ|ϕ|4 + λΦ|Φ|4 + λX |X|4 + λH |H|4 + λη|η|4 + λϕΦ|ϕ|2|Φ|2 + λϕX |ϕ|2|X|2
+ λϕH |ϕ|2|H|2 + λϕη|ϕ|2|η|2 + λΦX |Φ|2|Φ|2 + λΦH |Φ|2|H|2 + λΦη|Φ|2|η|2
+ λXH |X|2|H|2 + λXη|X|2|η|2 + ληH |H|2|η|2 + λ′Hη|H†η|2, (II.2)
where the scalar fields are parameterized as
H =
 w+
vH+h+iz√
2
 , η =
 η+
ηR+iηI√
2
 , ϕ = vϕ + ϕR + izϕ√
2
, Φ =
vΦ + φR + izΦ√
2
, X =
χR + iχI√
2
,
(II.3)
where w±, and z are respectively absorbed by the longitudinal degrees of freedom of charged
SM gauge boson W± and neutral SM gauge boson Z. A linear combination of zϕ and zΦ
is also eaten by neutral U(1)H gauge boson Z
′, while another combination is identified to
be axion. Our Z ′ boson mass is given by VEVs of ϕ and Φ, and it should be larger than
∼ 108 GeV by constraint from axion decay constant as we discuss below. Thus Z ′ tends to
be much heavier than TeV scale and we do not discuss phenomenology associated with it.
Also mass scale associated with ϕ and Φ should be much higher than electroweak scale and
mixing among neutral CP-even components of them and SM Higgs boson will be negligible.
We thus do not consider these CP-even scalar components and assume the SM Higgs boson
comes from H just as in the SM case. Notice that U(1)H breaks into remnant Z2 symmetry
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due to our charge assignment where U , D, E, N , X and η are Z2 odd and the other fields
are even. As a result the lightest Z2 odd particle is stable and can be good DM candidate
if it is neutral.
Inert scalar masses: In the CP even inert bosons in basis of (χR, ηR), we can write the
mass term such that
LχRηRM =
1
2
χR
ηR
T µ2χ + λϕXv2ϕ+λΦXv2Φ+λXHv2H2 +√2µ0vϕ λ02 vΦvH
λ0
2
vΦvH µ
2
η +
λϕηv2ϕ+λΦηv
2
Φ+(ληH+λ
′
ηH)v
2
H
2
χR
ηR
 ,
(II.4)
where mixing between χR and ηR is induced by 7th term of the potential Eq. (II.2). Similarly
we obtain mass matrix for χI and ηI as
LχIηIM =
1
2
χI
ηI
T µ2χ + λϕXv2ϕ+λΦXv2Φ+λXHv2H2 −√2µ0vϕ −λ02 vΦvH
−λ0
2
vΦvH µ
2
η +
λϕηv2ϕ+λΦηv
2
Φ+(ληH+λ
′
ηH)v
2
H
2
χI
ηI
 .
(II.5)
After diagonalizing the mass matrices, we define the mixing and its mass eigenvalue as
follows:
χR = sθRH1 + cθRH2, ηR = −cθRH1 + sθRH2, sin 2θR =
λ0vΦvH
m2H2 −m2H1
, (II.6)
χI = sθIA1 + cθIA2, ηI = −cθIA1 + sθIA2, sin 2θI = −
λ0vΦvH
m2A2 −m2A1
, (II.7)
where sθR/I (cθR/I ) is the short-hand symbol of sin θR/I(cos θR/I) and mass eigenvalues of
{H1, H2, A1, A2} are denoted as {mH1 ,mH2 ,mA1 ,mA2} correspondingly.
Exotic charged fermion masses: We obtain masses of exotic charged fermions after sponta-
neous symmetry breaking from Yukawa interactions in Eq. (II.1). Then masses of {E,D,U}
are given by
mE =
1√
2
yEvϕ, mD =
1√
2
yDvϕ, mU =
1√
2
yEvΦ, (II.8)
where we omit flavor index.
Exotic neutral fermion masses: Here we discuss the heavier neutral fermion sector in the
following. We have a mass matrix of neutral fermion in basis of Ψ ≡ [NCR , NL]T , and they
are given by six by six matrix as
MΨ ≡
 03×3 (M †N)3×3
(M∗N)3×3 (M
′
N)3×3
 , (II.9)
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FIG. 1: The one loop diagram to generate neutrino masses.
where the elements are defined by MN ≡ yNvϕ/
√
2 and M ′N ≡ y′Nvϕ/
√
2. Then the mass
eigenstate and its mixing is respectively defined by Dψ = VMΨV
T , and NCR
NL

i
= (V T )ijψj, i, j = 1 ∼ 6, (II.10)
where V is the unitary mixing matrix with six by six, and ψi is the mass eigenstate, and Dψ
is mass eigenvalue.
III. PHENOMENOLOGY FROM DARK SECTOR
In this section, we discuss phenomenology originated from U(1)H dark sector such as
neutrino mass generation, LFV processes, muon g − 2 and axion.
A. Neutrino mass generation
In this model active neutrino mass matrix is generated at one loop level after spontaneous
symmetry breaking. The relevant one-loop diagram is shown in fig. 1, and the analytic form
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is given by
(mν)ij ≈ 2
(4pi)2
6∑
a=1
YiaDψaY
T
aj(3M
2
1F
a
I −M42F aII +M63F aIII), (III.1)
M21 ≡
1
2
[m2H1 +m
2
H2
−m2A1 −m2A2 + (m2H1 −m2H2)c2R − (m2A1 −m2A2)c2I ],
M42 ≡
1
2
[−2m2H1m2H2 + 2m2A1m2A2 − (m2H1 −m2H2)(m2A1 +m2A2)c2R + (m2H1 +m2H2)(m2A1 −m2A2)c2I ],
M63 ≡ m2H1m2H2m2A2 −m2A1 [m2A2m2H2c2R +m2H1(−m2H2s2I +m2A2s2R)],
F aI =
∫
dx1dx2dx3dx4dx5δ(1− x1 − x2 − x3 − x4 − x5)
(x1D2ψa + x2m
2
H1
+ x3m2H2 + x4m
2
A1
+ x5m2A2)
I
, I = 1, 2, 3, (III.2)
where Yia ≡
∑3
ρ=1 y
iρ
η V
†
ρa. Since one diagonalizes neutrino mass matrix as Dν ≈
V TMNSmνVMNS, we can rewrite Yukawa coupling in terms of neutrino oscillation data and
some parameters as [23]:
(yη)ij = (V
∗
MNS)ia
√
DνV O(T
T )−1, (III.3)
where T is an upper-right triangle matrix that comes from Rij ≡ 2ViaDψa(3M21F aI −M42F aII+
M63F
a
III)(V
T )aj/(4pi)
2 = T TT 2, VMNS is Maki-Nakagawa-Sakata mixing matrix [24], and
O is an arbitral three by three matrix that satisfies OOT = OTO = 13×3. Satisfying
the neutrino oscillation data is rather easy task due to O, and all we should take care is
to consider the constraints of lepton flavor violations that will be discussed in the next
subsection.
B. Muon g − 2 and LFVs
Muon g − 2: The muon anomalous magnetic moment(∆aµ) has been observed in the
E821 experiment at Brookhaven National Lab (BNL) [25] and its discrepancy from the SM
prediction is estimated as [26]
∆aµ = (26.1± 7.9)× 10−10, (III.4)
where it indicates 3.3σ deviation. A 3.7σ deviation was recently obtained by the lattice
calculations as δaµ = (27.4 ± 7.3) × 10−10 [27] and δaµ = (27.06 ± 7.26) × 10−10 [28].
2 This decomposition can be generally possible when R is a symmetric matrix.
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Our ∆aµ is induced at one-loop level via the Yukawa interactions associated with y
eE and
yη where the H1,2, A1,2 and E propagate inside the loop diagram. The analytic form is
computed as
∆aµ ≈ −
2m2µ
(4pi)2
( ∑
a=1−6
Y2aY
†
a2GII(ψa, η
±) (III.5)
−
∑
α=1−3
yEe†2α y
Ee
α2
[
s2RGII(Eα, H1) + c
2
RGII(Eα, H2) + s
2
IGII(Eα, A1) + c
2
IGII(Eα, A2)
])
,
GII(a, b) ≈
2m6a + 3m
4
am
2
b − 6m2am4b +m6b + 12m4am2b ln
[
mb
ma
]
12(m2a −m2b)4
, (III.6)
where ma 6= mb are assumed in GII .
Lepton flavor violations (LFVs): LFV processes of `→ `′γ are arisen from the same term
as the (g − 2)µ, and their forms are given by
BR(`i → `jγ) ≈ 48pi
3Cabαem
(4pi)4G2F
∣∣∣∣∣ ∑
a=1−6
YjaY
†
aiGII(ψa, η
±) (III.7)
−
∑
α=1−3
yEe†jα y
Ee
αi
[
s2RGII(Eα, H1) + c
2
RGII(Eα, H2) + s
2
IGII(Eα, A1) + c
2
IGII(Eα, A2)
]∣∣∣∣∣
2
,
where αem ≈ 1/137 is the fine-structure constant, GF ≈ 1.17 × 10−5 GeV−2 is the Fermi
constant, and C21 ≈ 1, C31 ≈ 0.1784, C32 ≈ 0.1736. Experimental upper bounds are given
by [29, 30]:
BR(µ→ eγ) . 4.2× 10−13, BR(τ → eγ) . 3.3× 10−8, BR(τ → µγ) . 4.4× 10−13, (III.8)
where we define `1 ≡ e, `2 ≡ µ, and `3 ≡ τ .
C. Axion
Due to the remaining global PQ symmetry in the model, there is the Nambu-Goldstone
boson after the spontaneous breaking by the non-zero VEV of Φ and ϕ. As already men-
tioned, this corresponding pseudo-scalar boson is called ‘axion’.
Note that the PQ symmetry is anomalous for SU(3)C and U(1)Y leading to the presence
of the anomalous axion coupling to the gluon and photon
g2s
32pi2
a
fa
GG˜+ nγ
e2
32pi2
a
fa
FF˜ , (III.9)
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where gs and e corresponds to the coupling constant of SU(3)C and U(1)EM gauge, respec-
tively, and fa denotes the axion decay constant. Here the anomalous gluon coupling is
normalized by redefinition of fa then we find
fa =
vϕvΦ√
v2ϕ + v
2
Φ
, (III.10)
nγ = 8/3 . (III.11)
At scales below the strong confinement ΛQCD, this symmetry breaking term of the anoma-
lous gluon coupling contributes to the axion potential then one could solve the naturalness
problem of θQCD < 10
−10 [31] dynamically.
Considering that the exotic fermions are heavy comparable to the vΦ or vϕ, the phe-
nomenologically important axion couplings are the anomalous couplings to the vector boson
which is categorized as the ‘KSVZ’ [32, 33] axion model. The most stringent constraints on
fa is derived from the observed neutrino signal of the SN 1987A [34] given as [35, 36]
fa ≥ 4× 108 GeV . (III.12)
There are also the couplings to the U(1)H gauge boson (so called ‘dark axion portal’ [37,
38] terms). However, these couplings are phenomenologically less important so we will not
discuss in this paper.
D. Dark matter
In our model we have two DM candidates. One is the lightest neutral exotic particle
which is odd under remnant Z2 symmetry from local U(1)H . The other one is axion which
comes from Φ and ϕ as we discussed above. Here, we assume the DM candidate of first type
as H2 that is nearly identified to be χR considering small θR. In the following we denote
XD ≡ H2 with mass mXD .
We have several relevant interactions to explain relic density; inducing annihilation pro-
cesses XDXD → `i ¯`j/uiu¯j/did¯j/2HSM , where the first three modes come from yEe, yUu, yDd,
and the last mode arises from Higgs potential. However since all the modes except yEe is
restricted by the constraints of direct detection searches whose couplings are of the order
10−3. Thus, the dominant cross section to explain the relic density is induced from yEe
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interaction and given in terms of relative velocity and found d-wave dominant [39];
σvrel(2XD → `i ¯`j) ≈ v
4
rel
240pim2XD
∣∣∣∣∣∣∣∣∣
3∑
α=1
yEeαi y
Ee†
jα(
1 +
m2Eα
m2XD
)2
∣∣∣∣∣∣∣∣∣
2
, (III.13)
where we ignored charged lepton masses. The relic density of DM can be estimated by
solution of Boltzmann equation and we obtain relevant cross section to explain observed
relic density Ωh2 ∼ 0.12 [26].
Then, the range of cross section to explain the correct relic density at 2 σ C.L. is estimated
as
1.776× 10−9 GeV . σvrel . 1.9697× 10−9 GeV, (III.14)
where vrel ≈ 0.3 is used. For illustration, we show contour plot for XD DM relic density and
∆aµ in Fig. 2 in the plane of y
Ee ≡ yEe12 = yEe22 = yEe32 and ME ≡ ME1 = ME2 = ME3 fixing
other parameters as sR = sI = 0.1, mXD = 130 GeV, mA2 = 150 GeV and mH1 = mA2 = 700
GeV. The region between blue dashed lines can explain muon g − 2 within 2 σ. We find
that the relic density is overabundant for small yE and heavy ME region. For region with
ΩXDh
2 < 0.12 of XD, we expect axion DM can compensate the lack of relic density.
Benchmark point; Instead of showing global analysis, we demonstrate a benchmark point
satisfying neutrino data, flavor constraints, relic density of DM by XD, and muon g − 2.
The particle masses and observables are given by
{mH1 ,mA1 ,mA2} ' {24600, 2210, 179}[GeV], {mE1 ,mE1 ,mE2} ' {156, 162, 174}[GeV],
MX ≈ 125GeV, ∆aµ ≈ 3.40× 10−9, σvrel ≈ 1.93× 10−9GeV−2,
BR(µ→ eγ) ≈ 4.50× 10−17, BR(τ → eγ) ≈ 2.88× 10−18, BR(τ → µγ) ≈ 4.72× 10−18,
(III.15)
where we have taken range of input parameters as [102− 105] GeV for masses, [0.01−√4pi]
for dimensionless parameters, and [(−0.1) – 0.1] for sR,I in searching for the benchmark
point. Here mass of exotic quarks are omitted since they are irrelevant for neutrino mass,
DM and LFV in our scenario.
We would like to note that the axion can constitute the cold dark matter adequately
through the misalignment mechanism [40–42], i.e. the coherent oscillation of the axion field.
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FIG. 2: Contour plot for XD DM relic density and muon g − 2 where yEe ≡ yEe12 = yEe22 = yEe32 ,
mE ≡ME1 = ME2 = ME3 and inert scalar boson masses are indicated on the figure.
If the PQ symmetry is broken before and during inflation, the relic abundance of the axion
cold dark matter is given by [43–46]
Ωah
2 ≈ 0.12
(
fA
9× 1011 GeV
)1.165
Fθ2i , (III.16)
where F is the anharmonic effect due to an its periodic potential and θi = ai/fa is the initial
misalignment angle.
IV. CONCLUSIONS AND DISCUSSIONS
We have proposed a model in which dark sector is described by hidden U(1)H gauge
symmetry, and exotic fermions are chiral under U(1)H obtaining masses via spontaneous
symmetry breaking. In our charge assignment U(1)H is broken to remnant Z2 symmetry and
the lightest Z2 odd particle is stable being good DM candidate if it is neutral. Introducing
several scalar fileds with non-zero U(1)H charge, we can generate neutrino mass via one-loop
diagram in which particles in dark sector propagate. Furthermore we can assign relevant PQ
charges to dark sector fermions and ’KSVZ’ type axion can be obtained from scalar fields
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whose VEVs break U(1)H and PQ symmetry. Interestingly these scalar fields play roles of
giving exotic fermion masses, realizing active neutrino mass and providing axion to solve
strong CP problem. Note also that our model is multi-component DM scenario since axion
can be also candidate of DM in addition to Z2 odd particle.
We have then analyzed neutrino mass matrix, lepton flavor violating processes, muon
g − 2, DM relic density and axion couplings. Our neutrino mass matrix can accommodate
with observed data by appropriately choosing Yukawa couplings among dark sector particle
and the SM leptons. Also muon g−2 can be explained by Yukawa interactions among muon
and dark sector particles which can also induce DM annihilation processes consistent with
observed relic density of DM. In addition axion couplings to gluon and photon are derived
where we find clear relation between them and constraint of axion decay constant is given.
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